Abstract-Nowadays, the technology advancements of sensors, low power mixed-signal/RF circuits, wireless communication and Wireless Sensor Networks (WSNs) have enabled the design of compact, low power, high performance and low cost solutions for a wide range of applications, surveillance, building monitoring, sports/fitness, and of particular interesting are applications for health care. Novel sensors for human biomedical signal together with wireless connectivity and low power solutions are creating new opportunities for wearable devices which allow continuous monitoring together with freedom of movement of the users. This paper presents a low-power wearable sensor networks platform for on-body physiological measurements and wireless data communications. The platform hosts novel high sensitivity electric potential dry surface sensors that can be used in either contact or non-contact mode to measure ECG and EMG signals. Heart rate and respiration rate is performed runtime directly on the node. This approach reduces the amount of data than need to be transmitted, from raw measurement to analyzed data. In doing so the duty cycle of the radio has been reduced and the power consumption of the node optimized. Experimental measurements show the acquisition and processing of data from sensors and the low power consumption achieved with the node in different modalities.
I. INTRODUCTION
During recent years Wireless Sensor Nodes and Networks (WSN) are covering an ever increasing range of applications. An important class of applications is wearable health monitoring. In this context, WSN are starting to be used for a wide range of medical and healthcare solutions. In fact, recent research efforts focus on wireless, unobtrusive, mobile, and easy to wear solutions to make the monitoring process more user-friendly. This is an important factor for any application that aims to achieve continuous and realistic monitoring since the presence of wires may limit the user activities and level of comfort and also influence significantly the measurements. However, the technology advances in miniaturization and integration of microcontrollers, physical sensors, embedded radio interfaces, wireless networking and micro-fabrication have enabled a new generation of wireless sensor networks suitable for wearable applications. A Wireless Body Sensor Network (WBSN) is a collection of wearable wireless sensor nodes on human body that perform continuous and real time health monitoring of the users. Thanks to the sensors, computational resources and wireless communication these systems can now be in charge to collect, process, and transmit data to general doctors or medical centers. Common sensing biomedical parameters includes skin temperature, body motion, heart rate, blood pressure, respiration rate, electrocardiography (ECG) for the heart health, Electromyography (EMG) for the muscles control, electroencephalography (EEG) for the brain signals, oxygenation signals, and internal temperature. These systems suits perfectly to be integrated into a telemedicine providing information technology that will be able to support early detection of abnormal conditions and prevention of serious consequences.
As stated above, wireless wearable systems bring several advantages if compared to traditional wired health monitoring systems. The freedom of movements due to the wireless connectivity is the most obvious and important advantage for the users. In fact the system can unobtrusively sense and process the vital signs of the person in the offices, home and everywhere. Another important advantage for the users is the tracking of their health conditions without frequent visits to medical center or hospitals, and to have alerts in case of a critical situation. Moreover, patients that suffers for conditions where the symptoms presents themselves in the form of seizures (i.e. epilepsy) can now avoid to be hospitalized for days for continuous monitoring.
The most important application domains for the WBSN are: e-Health,e-Fitness,e-Sport,e-Emergency and e-Entertainment. Thus, today's WBSN can offer assistance to users, patients, and also persons with disabilities. For this reason a large number of novel body sensors are proposed by several companies. These sensors can meet the requirements of a wireless sensors node especially in terms of high accuracy, small scale factor, high integration, multisensory versatility and low-power consumption. High sensitivity electric field sensors in this domain are starting to be used as ECG, EMG and EEG to cover different types of applications ranging from forensics and healthcare to IC inspection and automotive safety systems [1] . Due to the strict requirements for weight, cost and size, power and functionality became key challenges for every wearable wireless sensor node. To meet the first of these challenges ultra low power design is required since these systems have to be supplied from batteries and need to last days or even months. Power restriction impacts on the complete node design, imposing strict constrains on computational resources, on the sensors and on the transceiver . On the other hand functionality requirements impact on the biomedical information reliability and eventually on the platform quality.
This paper presents a wearable wireless sensors node which is able to support medical and health care applications. The node platform is developed to host novel commercial noncontact dry-surface electric potential integrated circuit (EPIC) sensors from Plessey Semiconductors optimized for ECG and EMG acquisition [1] [2] . The core of the node is an ultra low power microcontroller, the MSP430 from Texas Instruments, which collects and process the data on board to perform heart rate and respiration rate. The wireless connectivity is provided by two different radio a Bluetooth Low Energy (BTLE) radio which is used to transmit the information to a remote host or a Smartphone and an ultra low power IEEE 802.15.4 radio ( CC2500 by ChipCon). The node is built with energy in mind and to be low power, for these reasons the sensors, as well as the radios, can be switched off in order to avoid waste of precious energy. The node presented here is optimized and tested for heart rate and respiration rate directly on board, but it can also be used for remote sensing and other applications.
The remainder of this paper is organized as follows: Section II describes recent related work to the wireless body sensors node. Section III presents the hardware architecture of the node and its components. Section IV details the proposed approach, describing the data processing. Section V describes the implemented approach, along with measurements, comparative evaluation, and validation. Section VI concludes the paper.
II.RELATED WORK
Wireless Sensor Networks have recently increased the popularity of systems designed for monitoring human biomedical parameters to support a wide range of e-health application. In this field, research is focused specially on the wearable wireless sensor network and Wireless Body Sensor Network. As for the WSN, the sensors nodes are designed to meet the requirements of long term operations and continuous health monitoring and can provide real-time emergency alerting that can be life saving. The small size required from the nodes, the low power resources and limited computing abilities are strict constraints for nodes that are suppose to have long-term life while maintaining continuously sensing.
The most popular runtime data processing in literature are EEG, EMG, ECG monitoring. The papers [5] -[15] present different approached and applications. The nodes architectures are very similar of each other and are comprised mainly by the sensors, the electronic circuit for analog conversion, a microcontroller and a radio. The most used radios for the wireless connectivity with hosts (PC or Smartphone) are typically Bluetooth (or recently Bluetooth Low Energy), Zigbee, or other low power radio, usually in the ISM band and 802.15.4. In previous works researchers focused mainly on design of sensor nodes for ECG or EEG acquisition and processing. In recent years academic and industrial researchers are proposing wearable devices which can process the data autonomously. Current trends in wireless ECG monitoring systems have produced an innovative and versatile approach to wearable textile-based monitoring systems, ECG data have been collated using smart clothes [16] [17] . The most important modules of smart wearable monitoring technology are the wearable biomedical sensors which are attached directly to the patient or to electrode-embedded wearable garments. Wireless sensors that measures vital parameters are the most important emerging devices for improving quality of care whilst reducing costs.
This highlights a new trend in research. However, from the analysis of these works it is notable that modern wireless technologies have a very high level of available integrated resources. These resources facilitate data manipulation and processing but on the other hand they bring very high peak power consumption that negatively impacts the well-known issue of lifetime of battery-operated devices. When added to the power consumption of the radio and microcontroller, the body sensor nodes quickly reach very high energy consumption. Nevertheless, any wearable sensing node requires accurate data processing. Many authors have investigated methods to obtain the interested measurements from physiological signals. Possible approaches vary from digital filtering techniques [19] - [22] to more complex techniques such as continuous wavelet transform (CWT) [24] -[27] and Variable-Frequency Complex Demodulation (VFCDM) [28] [29] . Each method has benefits and drawbacks and it is outside the scope of this paper to give a detailed review of them. It is however of interest to note that the more complex techniques while giving improved estimation have a higher computational complexity that is hard to justify when the interest of the application is to have a generic range and/or to track trends rather that a precise reading. Moreover, the computational cost makes these methods impractical for an implementation on ultra low power sensors.As the previous related works shown the power consumption is the key challenge of the wearable and wireless devices since the stricter constrain is the energy availability.
The node proposed in this paper has been design to reduce the power consumption through hardware and software codesign. Moreover the node comprises two very novel and promising commercial electric potential integrated circuit (EPIC) sensors by Plessey semiconductor. These sensors are dry surface sensors able to get high precision information of ECG and EMG from human body. On the radio side the node hosts both the Bluetooth low energy and an 802.15.4 radio to be most flexible and have reduced power consumption while maintaining compatibility with standard radios. Moreover, a low power hardware design which makes it possible to provide adaptive power management in order to minimize the power consumption has being devised for the proposed node. Finally, in the node are implement both a heart rate and respiration rate algorithm processed directly on site in order to save communication energy and increase the life-time of the node. The two algorithms are based on the [19] . These system level choices make the proposed node a flexible, wearable, versatile, low power and reliable wireless BSN prototype which is suitable for long-term monitoring of a user's health conditions in unobtrusive matter.
III.. HARDWARE ARCHITECTURE OF THE NODE
In this section, the architecture of the WBSN node proposed for health monitoring is presented. The node is equipped with dual radio commercial chips (Bluetooth and IEEE 802.15.4) and two novel EPIC sensors by Plessey Semiconductors. To keep the flexibility given from the two radios and not waste energy to supply both of them when they are not needed, the hardware provides the possibility to achieve software deactivation of both radios autonomously. Since the node was built with low power in mind the design includes the lower power consumption commercial components and the hardware design that guarantees the disabling of each component (radios, sensors, Analog converter) by software. To allow the data processing directly on board the microcontroller has enough computational resources maintaining low power consumption. Some of the key features for the proposed node include:
Low power consumption and ultra low quiescent current; Power management with the capability for operation in power/battery constrained system using deep sleep mode; Interfacing with novel sensor optimized for ECG and EMG data processing; Multi radio capabilities (BT, 802.15.4, wake up receiver) to increase flexibility and to reduce power consumption. To better describe the architecture the four functional modules 1) microcontroller, 2) radios, 3) sensors interface circuitry and 4) the power module are presented next. This section presents each module separately in the following sub sections and Figure 3 shows the architecture of the node.
A. Microcontroller.
The core of the node is the MSP430F2274 from Texas Instruments (TI). This is a very low power solution and a wellknown choice for wireless sensor networks. To allow quick development of the prototype, in order to evaluate the performance and the benefit of the novel sensors and the proposed architecture, the ez430-rf2500 kit from TI has been used [23] . The kit incorporates the microcontroller core and a CC2500 radio from Chipcon. In addition, there are a number of free IO pins on the board to easily interface the EPIC sensors and the Bluetooth radio board. The microcontroller acquires and processes data from the EPIC sensors via an analog output connected to an ADC input. The dongle kit was modified to allow the switching on/off of the added peripherals and the connection with them. In this way the node can save energy if the application does not require data from the sensors (i.e. in standby mode). In fact, the microcontroller can switch off and on the interface board where the EPIC sensors are as shown later on in the paper. The choice of this MSP430 is due to right tradeoff between power consumption and computational resources and peripherals available. The power consumption in deep Low Power Mode (LPM4) is about only 500 nA. The power consumption in Active Mode and 3.3 V is only 900 μA. Finally the microcontroller can easily satisfy both our requirements in terms of connectivity (via ADC; GPIO; UART) and data processing with its core frequency reaching up to 16 MHz. It supports the data acquisition, processing and RF communication, requested for most of the biomedical applications. B. Sensor subsystem The node was designed to host the EPIC sensors from Plessey. These novel sensors are very promising electric potential sensors that have the capability of being used in a number of applications such as proximity sensing, movement sensing and gesture recognition as well as measuring bioelectric signals like ECG, EMG, EOG and EEG. This paper presents how it is possible to achieve a dry-surface energy efficient wireless sensor node for ECG and EMG with these sensors to exploit their technology together while keeping the low power consumption and power management. Fig. 3 and Fig. 4 show the block diagram of the sensor boards for ECG and EMG developed in this work to achieve the needed analog filtering and amplification. Two different sensor boards, one for ECG and one for EMG were implemented in the first prototype in order to better evaluate the performances. The board hosts two sensors to increase the quality of the measurements as explained in the sensor datasheet and application note. It is important to have two sensors instead of only one for improved filtering and to perform a differential amplification. Fig. 3 shows the block diagram architecture and the interfacing of the ECG sensor board. The board is ready to be connected with two EPIC sensors (PS25102). These sensors work with a positive voltage from 5 to 6V, thus a step-up DC/DC converter is needed to provide the right voltage. The TPS61222 from the TI has been chosen for this task. The choice is driven by the very high conversion efficiency of up to 95%, the low quiescent current of only 5uA and, most important, for the ability to be switched off through the enable pin (EN in figure) driven from the microcontroller. In this state the output of the DC/DC is 0V and the power consumption is only 200nA. So the microcontroller can save significant energy when the sensors are not needed. As the figure shows, the signal of each sensor output is filtered by an RC Low Pass Filter (LFP) at 60Hz. With this it is possible to cut the frequency contribution that does not carry significant information. Then the two signals go to the input terminals of a differential amplifier in order to reject the common noise such as the power line interference that could be present with equal amplitude at each active terminal. An Integrated circuit (IC) with a high CMRR (Common Mode Rejection Rate) is required for this purpose since at this stage the signal is also amplified. The TSV639X from STMicroelectronics was chosen. A notch filter stage is placed after this stage for cutting-off the 50 Hz power line interference and the interferences due to the sensor box as explained on the application note [18] . The last stage of the signal is another 60Hz RC LPF filter to improve the signal before the ADC of the microcontroller through the pin P2.0 of MSP430. In the same way Fig. 4 shows the block diagram and interface of the EMG sensor board. As well as the ECG board, the sensors give better results if two EPIC sensors are used. The RC-Low Pass Filter has a cutoff frequency at 120Hz, since the significant information for the signals are located only below this frequency. After the filter, the two signals are the input of an instrumentation amplifier with high input impedance and a very high common-mode rejection ratio (CMRR), which is also used to amplify the output signal. The signal path ends with a low pass RC filter that passes frequencies lower than 120 Hz before the ADC of the MSP430. The Notch filter is not used in this case because it affects the EMG frequency range as explained in the sensor application notes. 
C. Radios
The node is integrated with two types of wireless communication modules. This allows achieving flexibility of communication while keeping standards protocols (Bluetooth and 802.15.4). The two radios are in charge of sending and receiving data which can be both raw or processed data according with the implemented software on the microcontroller and the application. Tables, PCs) . This module is a low energy Bluetooth 4.0 module with an integrated chip antenna and thus, covers very well the WBSN specifications in terms of small factor and range. Moreover it has a very useful feature: the possibility to be controlled in data mode and command mode only with the two pins of the UART. This, together with the high data rate and ultra low power guaranteed by version 4.0 of Bluetooth justify its use.
Although the current consumption of this Bluetooth device is low with respect to other similar devices, it still is around 3mA in idle mode (3uA in ultra sleep mode). Since the node is designed with low power consumption in mind an ultra low power switch was inserted. The switch is driven from the microcontroller to reduce and almost eliminate the power consumption when the BT is not needed. The TS5A3159A from TI has been chosen as the power switch. This is a singlepole double-throw (SPDT) analog switch that is designed to operate from 1.65 V to 5.5 V. The device offers low on-state resistance and excellent on-state resistance matching with the break-before-make feature to prevent signal distortion during the transferring of a signal from one channel to the other. Furthermore the response time is very fast, i.e. around 15ns and it has a power consumption of only 2nA when it is in OFF state and it is supplied at 3.3.V as in our node. 
Communication:
The 802.15.4@2.4 GHz transceiver circuit consists of the radio CC2500 chip and a chip antenna included in the EZ430-RF2500 dongle. The radio of the CC2500 chip can easily be built on top of the IEEE 802.15.4 with the property standard SimpliciTI from TI designed for the MSP430. This proprietary stack was chosen for this network because it is much simpler than the one generally used IEEE 802.15.4/ZigBee protocol, requires less memory, can achieve up to 256Kb/s and enables lower power consumption when the node is in the idle state.
IV.DATA PROCESSING
This section shows the data processing implemented on the developed wireless sensor node. The system proposed in this study implements directly on board filtering and processing of the data from the sensors. It also implements both heart rate and respiration rate algorithms. Thanks to the on board implementation of these two algorithms the node can continuously monitor the health parameters without transmit all the raw data to a remote host. Instead only the computed rates for heart and respiration are transmitted at much longer intervals (e.g. every 1 minutes according with the implemented firmware). On one hand this approach saves significantly energy for sending the data, on the other hand improves the freedom of the user which can stay far to the base station and continue to be monitored.
Computing heart rate and respiration rate from EPIC electric potential data is similar to the process needed for ECG data, so the proposed approach is based on well know algorithms. After proper filtering and data processing an approximation of the electrical activity of the heart is obtained. It is then possible to work whit such waveform. Taking into account power consumption and computational speed of the microcontroller in use, a simple approach, based on filtering and peaks detection, has been chosen for implementation.
For the heart rate algorithm the steps involved in the computation are the following:
• DC estimation procedure • low pass filter using a symmetric FIR filter • Track beating of the heart using peaks detection The DC estimator is required to remove any sensor bias so to guarantee the thresholds used in the peak detector algorithm are valid and generate consistent heart rate values.
The DC estimator measures the difference between the current DC estimation and the data signal and updates the current estimate by a value proportional to the difference. Fig. 5 shows the plot of the ECG signal after the DC estimator and data processing, the update of the DC estimation is clearly visible. DC estimation data processing. This part of the algorithm remove the sensor bias and guarantee consistent heart rate values Fig. 6 .
FIR filtering. This is a very important step of the algorithm, in fact after that the peak of the signal are much easier to be detected.
When the DC estimation is done, a low pass FIR is computed. A symmetric filter is used to reduce the number of multiplications required compared with an asymmetric FIR. The filtering is used to improve detection of the peaks which are counted to evaluate the heart rate. Fig. 6 shows the signal after the FIR filtering processing. The peaks are much more clear and easy to detect.
Once DC estimation and filtering are completed the signal is ready to be processed with the peaks detection algorithm. Two guard-bands are implemented to avoid false detections due to rebounds. It first waits to detect a value higher than a threshold value t_pos then it waits for 60 samples before looking for a value less than a threshold value t_neg. Once this is found it waits a further 60 samples before it can detect next high value. This means that the maximum HR that can be detected is (256/120)*60 = 128 bpm (beats per minute). Fig. 7 shows the threshold levels and the guard-bands.
To reduce power consumption (both in term of computational cost and of transmission cost) and to avoid high output variability, the heart rate is computed once a given number of heart beats has been counted. For example, a value of 70 implies that the heart rate is computed (and transmitted) around once a minute. For these experimental results we used this value, however they can be modified in further implementations. Peak detector thresholds and guard band after level crossing.
The respiration rate algorithm is performed very similarly to the heart rate algorithm and the two first steps are the same for both. However to compute the respiration rate few extra steps are necessary:
• Downsample to 64HZ • IIR filtering bandpass 0.1 -0.5Hz ( 3 -30 breaths per minute)
• Peaks detection algorithm to determine the number of breaths taken per minute
The IIR filter attempts to filter the modulation effect of the breading on the HR signal. To be able to achieve this, a high order filter is necessary. The one implemented is a 34 th order IIR bandpass, frequency response of the filter is presented in Fig. 8 . To avoid discrepancies between simulation and realization the filter has been designed using MATLAB DSP toolbox using fixed 16-bit arithmetic in order to characterize and optimize the algorithm. Afterward the filter has been implemented in the microcontroller as a cascade of SecondOrder-Sections architecture to reduce sensitivity to coefficient quantization and hence quantization errors.
V.EXPERIMENTAL RESULTS
This section shows experimental measurements taken from the developed node to evaluate power consumption for ECG and EMG, data acquisition, and data processing for respiration rate and heart rate. Time and energy of the application phases were measured and shown in following tables.
The proposed node provides significant improvements on reliability, latency, flexibility, energy consumption, scalability and distribution. TABLE I shows the very low power consumption of the node and highlights the big gap between the current consumption in off mode of our approach, for example BT 2nA and sensor board 200nA compared with the idle mode of 3mA and 12mA respectively. This reduces the power consumption significantly and thus increases the long term monitoring capabilities for a wearable system supplied by batteries.
TABLE II shows the current consumption of the node, in different working modes, in order to give an idea of the low power consumption during listening mode and during data acquisition and processing.
In order to evaluate the correct data acquisition, filtering and transmission of the node prototype (Fig. 10 a) ), the configuration shown in Fig. 10 b) has been used. Thus, the data from both sensors are filtered and amplified in the sensor boards, and then the microcontroller acquires the data via the ADC, runs the respiration and heart rate algorithms and sends them to a host PC through Bluetooth in the EMG acquisition and 802.15.4 in the ECG version. The sample rate of the ADC was fixed at 256Hz, and the host PC used a USB dongle with a coordinator with SimpliciTI protocol in the 802.15.4 transmission and a dongle BT in the EMG. Fig. 8 .
IIR filter frequency response. Measured power consumption of the prototype
In the first test the raw data was sent for both acquisition with the serial communication of the USB and plotted using MATLAB. Fig. 11 and Fig. 12 show the real data acquisition for EMG and ECG before the filtering while Fig. 6 shows the ECG data after the filtering to show the importance of the filter. To evaluate the processing time and the power consumption of the microcontroller while executing the algorithms, the node was connected to an oscilloscope to evaluate the time taken and at a shunt resistor was used to measure the power consumption. Since the measurements were performed to know the power consumption of the microcontroller during the algorithm the sensor board was supplied from an external battery and the radio was switched off. TABLE III shows timing and power profiling for the various subroutines of the data processing algorithm. Fig. 13 is a snapshot taken from the oscilloscope. Trace 1(higher one) shows the current passing through the shunt resistor. Trace 2 (lower one) shows the duration of the FIR filter. To obtain the waveforms a GPIO as been raised at the start of the filtering procedure and then lowered when finished. Each peak is equivalent at the arrival of a new sample from the ADC. Real data acquisition for a EMG acquisition using BT communication Several aspects of the algorithm can be seen. First it is evident that the FIR filter is activated every time a sample arrives with a frequency of 256Hz. It is also clear from the comparison of the power profile with the FIR profile that every fourth pick the MSP stays active for longer. This is due to the calculation of the respiratory rate and in particular at the complexity of the IIR filter. The IIR filter is active every fourth sample due to the downsampling to 64Hz implemented.
VI.CONCLUSION AND FUTURE WORKS
The propsed design of the node facilitates the biomedical acquisition for ECG and EMG with novel low power drysurface sensors. Moreover on board processing of heart rate and respiration rate was performed, tested and evaluate. The architecture has been engineered with power consumption in mind and the paper shows the benefits of a low power design. The versatility and novelty of the node resides in the fact that multiple radios are used together with novel sensors and data processing in performed on board in order to have a wearable device. The experimental results show the low power consumption of the node and very low quiescient current, less then 1mA in sleep mode. The node is capable of acquiring ECG and EMG with 256Hz using novel EPIC sensors, processing the data, performing heart rate and respiration rate and sends them via radio to a remote host. Future work will include: i) development of a final version of standalone prototype ii) investigation of the potential of the sensors, iii) implementation of new power management policies, iv) include several nodes in a body area network for biomedical applications and finally an investigation on the effect, in relation to accuracy, of relaxing the IIR filter requirements to make it less computational intense and energy hungry Real data ECG acquition using the 805.15.4 transmission. These data are sent before the data filtering. 
